Abstract In this article we present ideas of providing appropriate poloidal magnetic field for helimaks to help to generate toroidal magnetic plasma torus. Placing a conductive ring in the center of the cross-section to induce a suitable current, we change the helical magnetic field lines in the helimak discharge into magnetic surface. In this kind of discharge, the plasma density is greatly increased, and the corresponding density fluctuation is significantly decreased, showing a better confinement by magnetic shear. It allows more flexible and efficient experimental investigations on the toroidal magnetic confinement plasmas to be carried on in this kind of device.
Introduction
In the magnetic confinement plasmas, abnormal transport is believed to be induced by turbulence. Although great progress has been achieved in recent years, much underlying physical mechanism is still unknown. This partly comes from the fact that insufficient data from the tokamaks are available. It is still very difficult to diagnose some of the most important plasma parameters. For example, the Langmuir probe, which has satisfactory character in plasma diagnostics, is much liable to be burned in the large tokamaks because of the high temperature of plasmas, limiting its application. To investigate the underlying mechanism of turbulence, some small devices, such as the simple magnetic torus (SMT) [1] and the helimak [2] , have been widely built in the world in recent years. Although the helimak provides a suitable steady-state plasma for probe diagnosing, it is not a tokamak-like magnetic confinement device, because there is no poloidal magnetic field in this kind of device. In tokamaks, poloidal magnetic field is one of the most important fields, which is used to heat plasma and control the plasma configuration. In helimaks, there exist no magnetic surfaces and great particle loss along the vertical field lines will significantly depress the plasma density. In this article, we present an upgrading of the magnetic confinement plasma device KT-5E, which was a helimak. A suitable poloidal magnetic field is added in the plasma, shaping the magnetic field surface and bringing about a better confinement. This upgrading facilitates much more favorable investigations on basic plasma physics.
Experimental setup
KT-5E was a small multifunctional toroidal device with a major radius of R=32.5 cm, a minor radius of a=12.5 cm, and a limiter radius of 9 cm. It could be operated in three thoroughly different discharge mode, i.e. tokamak, SMT and helimak discharge.
In the tokamak discharge mode [3] , the coils can provide a toroidal field of up to 7000 G (values in the article are all from accurate measurement or simply calculated from measured data) and a poloidal current of 16 kA with a flat time period of 7.5 ms. The electron temperature is about 100 eV and the plasma density is of the order of 1 × 10 19 m −3 . In this mode, the flat time is too short to do some fundamental physical investigations which require long time serial data.
When it is operated in the SMT mode [4] , a direct current of 1200 A in the coil generates a toroidal magnetic field B T0 = B T (R 0 ) = 1000 G of on the torus axis. A 2.45 GHz microwave source can produce and sustain plasma for tens of seconds with a plasma density of up to near 1 × 10 17 m −3 and an electron temperature of around 10 eV. In this discharge mode, the radial particle loss plays an important role and it cannot sustain high density plasma.
When added with a suitable vertical magnetic field to make the field lines helical, which is of the order of 1 percent of the toroidal magnetic field, KT-5E can also operate in the helimak mode. In this mode, although the radial particle loss is depressed by means of magnetic shear and the plasma density is obviously improved, another particle loss channel which is the loss along the vertical field comes into being. This unwanted HE Yinghua et al.: Upgrading of the Magnetic Confinement Plasma Device KT-5E loss, which will influence the turbulence data from the probes, comes from the fact that there exist no magnetic surfaces in the plasmas. The crucial for better confinement is to bring in a suitable poloidal magnetic field in the plasma, which will be carefully discussed in the following sections.
Setting up poloidal magnetic field
To set up a suitable poloidal magnetic field for KT-5E, a conductive ring ( Fig. 1 ) with a diameter of 32.5 cm, which is the major radius of KT-5E, is installed just in the center of the cross section of this device. The ring is made of coppery piping with an inner and outer radius of 0.6 cm and 0.8 cm, respectively. The diameter of the ring is a little larger than 32.5 cm when it is bent in the workshop, for the reason that it will shrink a little after quenching. Fig.1 (a) The conductive ring with a diameter of 32.5 cm, the same as KT-5E, (b) Picture of H2 plasma of steady-state discharge in KT-5E, showing the location of the inner conductive ring and the supporter Locating in the vacuum and being enveloped in the plasma, the conductive ring should be carefully insulated. A 0.2 mm ceramic film is sprayed compactly onto the surface of the ring, preventing it from collecting electrons and ions. A few thin supporters made of pure ceramic are used to rivet the ring. To shape a steady-state poloidal magnetic field in the vacuum, a very large current should flow through the ring for a period of time, which would raise the temperature of the ring rapidly. The deathblow of this design comes from the fact that the great difference between the thermal expansion coefficients of the inner copper pipe and the outer ceramic coat, which is the reason why we use pipe instead of copper wires. Circulating ion-free pure cooling water flows through the ring pipe, protecting it from being damaged by expanding. The cooling water temperature is controllable and the temperature of working water is always about the same in the experiments in this article. The vacuum pump system used here should be absolutely oil-free because even a thimbleful of oil molecules will decompose in the discharge, staining the ceramic coat and making it partly conductive.
As we know, the poloidal magnetic field in tokamak comes from the plasma current. But in KT-5E device, the poloidal magnetic field is produced by a current through the conductive ring. This current is accurately controlled by the external power supply. In normal KT-5E steady-state discharge, a direct current 1200 A through the coil provides the plasma a toroidal magnetic field of 1000 G at the center of the cross section and a direct current of several kA through the conductive ring, which is from the 12 wave rectifying power supplies with a long time ripple of lower than 0.3%, provides a poloidal magnetic field. The typical poloidal magnetic field in the experiment with a direct conductive ring current of 2000 A is shown in Fig. 2(a) , and Fig. 2(b) shows the corresponding safety factor q, which is easily calculated from the measured currents through the coils. It is to be noted that here the toroidal and the poloidal magnetic fields are both produced by the coils. So it allows a much wider q configuration, compared with that in tokamaks, just by means of changing the output currents of the power supplies. When such a large current is suddenly fed into the ring, an electric stress of the ring should be taken into account. The calculated tension stress is lower than 5.4 N and the corresponding distortion of the ring is 1.14 µm, which is acceptable. The calculation of the tension stress is not shown here just for brevity. Fig.2 Typical radial distribution of (a) the poloidal magnetic field and (b) the safety factor q with a conductive ring current of 2000 A Two sets of 2.45 G ordinary microwave system are used to generate and sustain plasmas. One set can inject microwave power from the horizontal window on the low field side into the torus through a rectangle waveguide assembly which consists of directional couplers, matching and damping units, etc., and the other set from the vertical window on the top of the torus for a better power absorption.
Results and discussion
The experimental results of other operating modes of KT-5E have been reported elsewhere. Here we briefly show some results under the steady-state discharge with and without the poloidal magnetic field. Fig. 3 gives a typical floating potential configuration of a 5-second discharge shot with a conductive ring current of 2000 A, measured by Langmuir probes. The waveform of ion saturation current is not shown here just for simplicity. The duration of one shot is not limited in KT-5E, showing a perfect steady-state performance. A discharge period of the order of ten seconds is sufficient for most of the experiments, considering the limitation of the data collection systems. The radial distribution of the plasma density is shown in Fig. 4(a) , measured by Langmuir probes. It is clear that the plasma density is obviously higher in the discharge shot with a poloidal magnetic than that without, implying the effect of the poloidal magnetic shear. The fluctuation also shows better confinement with a poloidal magnetic field (Fig. 4(b) ).
It is to be noted that some deficiencies exist in this kind of device. One is that although the ceramic supporting parts of the inner conductive ring is designed as thin as possible, it still has non-negligible size because of the brickleness of the ceramic. Some ions and electrons would impinge against the supports which may depress the plasma density. One solution is using much thinner line to hang up the ring in the vacuum; another way is using superconductor technology to make the ring floating in the plasma with magnetic levitation [5, 6] . The other defect to be noted is that the current joint of the ring would locally break the magnetic surface (see Fig. 1(a) ). A well-designed compensator could remedy this deficiency. Both of these two are the jobs to be accomplished in the nearly future, which would make the plasma confinement much better. 
